In humans, mutations in the genes encoding components of the dystrophin-glycoprotein complex cause muscular dystrophy. Specifically, primary mutations in the genes encoding ␣-, ␤-, ␥-, and ␦-sarcoglycan have been identified in humans with limb-girdle muscular dystrophy. Mice lacking ␥-sarcoglycan develop progressive muscular dystrophy similar to human muscular dystrophy. Without ␥-sarcoglycan, ␤-and ␦-sarcoglycan are unstable at the muscle membrane and ␣-sarcoglycan is severely reduced. The expression and localization of dystrophin, dystroglycan, and laminin-␣2, a mechanical link between the actin cytoskeleton and the extracellular matrix, appears unaffected by the loss of sarcoglycan. We assessed the functional integrity of this mechanical link and found that isolated muscles lacking ␥-sarcoglycan showed normal resistance to mechanical strain induced by eccentric muscle contraction. Sarcoglycandeficient muscles also showed normal peak isometric and tetanic force generation. Furthermore, there was no evidence for contraction-induced injury in mice lacking ␥-sarcoglycan that were subjected to an extended, rigorous exercise regimen. These data demonstrate that mechanical weakness and contraction-induced muscle injury are not required for muscle degeneration and the dystrophic process. Thus, a nonmechanical mechanism, perhaps involving some unknown signaling function, likely is responsible for muscular dystrophy where sarcoglycan is deficient.
The dystrophin-glycoprotein complex (DGC) is a multimeric assembly of both transmembrane-and membrane-associated proteins found in both skeletal and cardiac muscle (1) (2) (3) (4) . Molecular and biochemical analyses have demonstrated that the DGC is composed of the following components: dystrophin, an elongated cytoskeletal protein that binds actin (5-7); sarcoglycan, a multisubunit transmembrane glycoprotein (8) (9) (10) ; dystroglycan, a laminin receptor that also binds dystrophin (11, 12) ; the syntrophins, mammalian homologues of the Torpedo 58-kDa postsynaptic protein (13) (14) (15) ; and dystrobrevin, a dystrophin-related, dystrophin-associated protein (16) (17) (18) (19) (20) (21) . Mutations in the dystrophin gene result in Duchenne͞ Becker muscular dystrophy (DMD͞BMD), a common Xlinked disorder (5, 6) . The mdx mouse is a spontaneously arising mutant that lacks full-length dystrophin and serves as a model for DMD (22) .
In muscle, there are at least four sarcoglycan subunits, ␣, ␤, ␥, and ␦, and mutations in any of these four can result in autosomal recessive muscular dystrophy (23) (24) (25) (26) (27) . A more widely distributed fifth sarcoglycan, -sarcoglycan, recently has been identified (28, 29) , suggesting that sarcoglycan complexes may also function in tissues other than muscle. Sarcoglycan has a primary structure that includes an extracellular epidermal growth factor-like motif and is suggestive of a cell surface receptor (30) ; its exact role is unknown.
Dystrophin binds actin at its amino terminus and along its rod domain (31) (32) (33) . In the cytoplasm, the carboxyl terminus of dystrophin interacts with dystroglycan, a transmembrane protein that associates with the extracellular matrix (ECM) protein laminin (12, 34) . In skeletal muscle myotubes, this link is thought to be critical for mechanical integrity and resistance to hypoosmotic shock (35) (36) (37) . The absence of dystrophin may lead to disruptions of the muscle plasma membrane during repeated cycles of contraction and relaxation, resulting in muscle degeneration and muscular dystrophy (38, 39) . Elevations in intramyocyte calcium levels coupled with the appearance of muscle enzymes in the serum of DMD patients and mdx mice are consistent with such a defect in the sarcolemma (38, (40) (41) (42) . However, other mechanisms may be responsible for both muscle enzyme release and calcium entry into the dystrophic myofiber. Moreover, eccentric contractions cause a significant increase in mechanically induced sarcolemmal damage in isolated mdx muscles (43) (44) (45) . In mdx muscle there is also a significant linear relationship between peak force and the proportion of damaged fibers, suggesting that a mechanical defect results from the absence of dystrophin and arguing that this mechanical defect causes muscular dystrophy (45) .
␥-Sarcoglycan is a 35-kDa dystrophin-associated protein, and mutations in ␥-sarcoglycan are associated with the human disease SCARMD (severe childhood autosomal recessive muscular dystrophy), also known as limb-girdle muscular dystrophy type 2C (LGMD-2C). Mice lacking ␥-sarcoglycan were generated by using homologous recombination in embryonic stem cells by targeting exon 2 of the murine ␥-sarcoglycan gene to create a null allele. Like LGMD patients, mice lacking ␥-sarcoglycan (gsg Ϫ͞Ϫ ) showed pronounced skeletal and cardiac muscle degeneration with reduced survival. In addition to the loss of ␥-sarcoglycan, muscle from gsg Ϫ͞Ϫ animals showed reduced levels of ␤-and ␦-sarcoglycan but exhibited normal staining patterns for dystrophin, dystroglycan, and laminin-␣2. Thus, sarcoglycan loss was sufficient to induce muscular dystrophy in the presence of an apparently intact dystrophindystroglycan-laminin axis.
To determine whether mechanical fragility was a consequence of the loss of an intact sarcoglycan complex, we performed mechanical measurements on isolated muscles from gsg Ϫ͞Ϫ animals and found normal muscle mechanics. To confirm the physiologic significance of our findings, we strenuously exercised gsg Ϫ͞Ϫ animals for a prolonged period and found no evidence for contraction-induced injury or acceler-ated disease progression. These data are consistent with a nonmechanical defect producing myofiber degeneration and muscular dystrophy. Because sarcoglycan loss is also a feature of DMD, this same nonmechanical defect may be contributing to pathology in dystrophin-deficient muscular dystrophy. Furthermore, these data reveal that the DGC is a multifunctional complex and define an independent role for ␥-sarcoglycan in muscle survival.
MATERIALS AND METHODS
Animals. All mice were housed and treated in accordance with standards set by the University of Chicago Institutional Animal Care and Use Committee and the University of Pennsylvania Animal Care and Use Committee. Genotypes were determined by PCR as described previously (46) . Agematched wild-type 129SvJ animals were used as controls (The Jackson Laboratory). Animals used for study were anesthetized and killed by cervical dislocation. Serum creatine kinase levels were determined from tail vein sampling collected in a Microtainer Serum Separator tube (Becton Dickinson) and analyzed by using a Vitros DT60II discrete chemistry analyzer (Ortho Clinical Products, Raritan, NJ).
Muscle Preparation and Mechanics. Intact extensor digitorum longus (EDL) muscles were dissected from normal (gsg ϩ͞ϩ ) and homozygous mutant (gsg Ϫ͞Ϫ ) animals at 4-5 weeks of age or at 13-16 weeks of age as described previously (45) . For contraction experiments, muscles were immersed in a physiologic solution containing the low-molecular-weight dye Procion orange (0.2% wt͞vol; Sigma) in Ringer's solution buffered to pH 7.4 with Hepes. The bath was oxygenated continuously with a mixture of 95% O 2 and 5% CO 2 and maintained at 25°C. Stimulation was performed by using two platinum plate electrodes positioned alongside the body of the EDL. The EDL was adjusted to that length at which maximum twitch force was obtained (L o ). Muscle fiber length (L o ) was measured by using fine calipers. Cross-sectional area was determined by dividing the muscle mass (mg) by the fiber length (mm) divided by the density of muscle (1.06 g͞cm 2 ) as described previously (47) . The eccentric contraction (ECC) regimen consisted of five (fused tetani) maximal stimulation periods (frequency of 80 Hz) of 700-ms duration during which the muscle was lengthened by 10% L o over the final 200 ms. Lengthening occurred at a rate of 0.5 L o ͞s. A 4-min recovery period was allowed after each maximal stimulation during which the muscle was maintained at L o . Following the final stimulation, each muscle remained in the oxygenated Ringer's solution with Procion orange for 15 min. Muscles then were rinsed in oxygenated Ringer's, dried, and weighed. After weighing, muscles were embedded in OCT compound (TissueTek, Sakura Finetek USA, Torrance, CA), rapidly frozen in liquid nitrogen-cooled isopentane, and stored at Ϫ80°C for further analysis. Differences between samples from normal and gsg Ϫ͞Ϫ muscle were assessed by using Student's two-tailed t test for independent samples.
Assessment of Sarcolemmal Damage. Muscles subjected to the ECC protocol were sectioned on a cryostat (Leica) at midlength, viewed under the microscope (Leica), and photographed. From the photographs, the percentage of dyepositive fibers was determined from counting multiple sections. The edges of each section were excluded to avoid fibers potentially damaged in the dissection or in muscle handling. Differences between groups were assessed by using Student's two-tailed t test for independent samples.
Exercise Regimen. Age-matched, 10-to 12-week-old normal and homozygous mutant (gsg Ϫ͞Ϫ ) mice were selected. All mice used in the exercise protocol were selected based on their initial ability to swim for 10 min. Two mutant animals initially selected failed to meet this criterion. The swimming regimen initiated with two 10-min sessions per day separated by a minimum of 4 hr. Length of swim was increased daily by 5 min per session until a final duration of two 1-hr sessions per day was achieved. The length of the conditioning period was 10 days. Animals were exercised 6 days per week, and the protocol was continued for 7 weeks including the 10-day conditioning period. One homozygous mutant (gsg Ϫ͞Ϫ ) mouse was removed from the protocol after week 3 as a result of a cutaneous infection that failed to heal after treatment with oral antibiotics. Animals were observed for 15 min before and after swimming for behavior and activity level. Animals were weighed at the end of each week. Blood was collected on the second day after the swimming protocol was completed, and serum creatine kinase levels were measured as described above.
Histology. Animals were sacrificed 2 days after the completion of the 7-week swimming protocol. Femoral quadriceps, triceps bracheii, gastrocnemius, and heart were dissected from surrounding tissues, frozen in liquid nitrogen-cooled isopentane, and stored at Ϫ80°C for further analysis. Frozen sections from each tissue were cut at midlength at Ϫ20°C by using a cryostat (Leica), and histology was performed as described previously (46) . A scale from 0 to 3 was used to score the percentage of the section displaying fibrosis, adipose tissue infiltration, and degeneration. Scores were assigned as follows: no degeneration, fibrosis or adipose tissue was scored as 0; less than 10% of the section involved was scored as 1; 10-25% was scored as 2; greater than 25% was scored as 3. Each parameter was scored independently by two blinded reviewers. Two cross-sections from each muscle group were scored, and each pair of sections was separated by at least 2 mm of longitudinal distance within the muscle. The mean of these four scores was determined for each parameter to arrive at a score for the muscle in question. The combined mean and standard error of each parameter was determined for the four muscles studied in each class (exercised and no exercise). Differences between each group were assessed by using Student's two-tailed t test for independent samples.
RESULTS

Mechanical Properties of Sarcoglycan-Deficient Muscle.
To ascertain whether sarcoglycan is critical for normal muscle force generation and resistance to contraction-induced injury, we examined the mechanical properties of gsg Ϫ͞Ϫ skeletal muscle at 4-5 weeks of age (young) and at 13-16 weeks of age (mature). The peak isometric force generated by the EDL muscle of both young and mature gsg Ϫ͞Ϫ animals was similar to normal controls. Additionally, the peak tetanic force normalized for cross-sectional area also was similar in both normal and gsg Ϫ͞Ϫ animals of both ages ( Table 1 ). The slight decrease in the absolute magnitude of each of these parameters was not statistically significant and was consistent with the decreased physical activity seen in gsg Ϫ͞Ϫ animals (46) .
An ECC protocol was used to assess the degree to which muscle lacking ␥-sarcoglycan was susceptible to contractioninduced injury. During a fused tetanic contraction, muscles were lengthened by 10% L o , placing significant strain on the sarcolemma. This ECC protocol was repeated five times with 4 min of rest interposed between each ECC. In normal muscle, the percent drop in tetanic force between the first and fifth contraction reflects both fatigue and fiber loss because of mechanical overload. Strikingly, gsg Ϫ͞Ϫ and normal EDLs showed a similar percent drop during the five ECC protocol, unlike what is seen in muscles from the mdx mouse (Fig. 1) . Therefore, the absence of ␥-sarcoglycan did not confer an increased susceptibility to fatigue or to contraction-induced injury.
To detect sarcolemmal disruptions, eccentric contractions were performed in the presence of the low-molecular-weight dye Procion orange (M r ϭ 631). Intact muscle is impermeable to Procion orange, and dye uptake is a sensitive measure of changes in sarcolemmal integrity (48, 49) . Both normal and gsg Ϫ͞Ϫ animals of each age group suffered a similar degree of sarcolemmal breakdown over the course of the ECC protocol, which again differs from what is seen in mdx muscle (Fig. 2 ac) . In gsg Ϫ͞Ϫ mice, the percentage of fibers that became permeable to dye is similar to normal, age-matched controls. In contrast, mdx muscles showed a dramatic increase in the percentage of fibers that became permeable to dye as a result of eccentric contraction (Fig. 2d) . These data suggest that sarcoglycan is not necessary for normal resistance to the stresses placed on the membrane during ECC and proper maintenance of sarcolemma integrity.
Exercise in ␥-Sarcoglycan-Deficient Mice. To test the physiologic significance of these findings, ␥-sarcoglycan-deficient and normal age-matched animals were exercised for a 7-week period. Mice completed a swimming protocol that consisted of two 1-hr sessions per day, 6 days per week. Animals that were unable to complete a session were removed from the water. There was no difference in the percentage of unfinished sessions (6% for normal and 7% for gsg Ϫ͞Ϫ ) or the percentage of the total time omitted between normal and gsg Ϫ͞Ϫ animals (1.6% and 1.9%, respectively). In the absence of exercise, gsg Ϫ͞Ϫ mice display reduced activity (46) . After the exercise protocol, the baseline activity level of gsg Ϫ͞Ϫ mice increased so that they were indistinguishable from normal mice. Despite significant muscle involvement, gsg Ϫ͞Ϫ mice tolerated the swimming protocol well; no gsg Ϫ͞Ϫ mice died during swimming. Additionally, the baseline activity level of gsg Ϫ͞Ϫ was increased markedly in exercised vs. nonexercised gsg Ϫ͞Ϫ mice. Animals were weighed before the protocol began and at the end of each week of swimming. The percentage of the starting weight that had been gained by the end of each week was calculated. Homozygous mutant (gsg Ϫ͞Ϫ ) mice began the protocol at a lower average weight than controls. The average weight for each group was 26.92 Ϯ 1.93 g and 29.03 Ϯ 1.90 g, respectively. Both groups of animals gained weight over the course of the protocol, but gsg Ϫ͞Ϫ animals gained weight at a significantly greater rate than controls (P Ͻ 0.05 for weeks 4-7; Fig. 3a) . After 7 weeks, mutant and normal mice were of nearly identical weights (30.04 Ϯ 3.36 g and 30.63 Ϯ 4.84 g, respectively). Moreover, serum creatine kinase levels, an indication of muscle degeneration, were not significantly elevated in gsg Ϫ͞Ϫ mice that completed the swimming protocol compared with gsg Ϫ͞Ϫ mice that had not swum (Fig. 3b) . Based on these data, strenuous exercise did not worsen the degree of muscle disease in gsg Ϫ͞Ϫ mice. Histopathology in Sarcoglycan-Deficient Muscle Is Unchanged by Exercise. To ascertain the effect of exercise on sarcoglycan-deficient muscular dystrophy, mice from the swimming protocol were sacrificed 2 days after completion. Age-matched control animals also were sacrificed for comparison. Femoral quadriceps, triceps bracheii, and gastrocnemius were dissected and analyzed for histopathology. Normal mice showed no evidence of muscle degeneration as a result of FIG. 1. ECC and sarcolemmal damage in normal, gsg Ϫ͞Ϫ , and mdx animals. The mean and SD of the percent drop in tetanic force generation between the first and fifth ECC is shown for mature normal (n ϭ 4), gsg Ϫ͞Ϫ (n ϭ 9), and mdx (n ϭ 7) EDLs. There is no difference in percent drop between the normal and gsg Ϫ͞Ϫ , in contrast to the mdx muscles. (Fig. 4a) . The degree of fibrosis, adipose tissue infiltration, and overt degeneration was quantified and did not differ significantly between exercised and nonexercised controls (Fig. 4b) . Taken together, these data confirmed that mechanical stress in the animal, like eccentric contractions in the isolated muscle, did not induce sarcolemmal rupture and muscle degeneration in mice lacking ␥-sarcoglycan.
FIG. 2. Eccentric contraction-induced
DISCUSSION
The role of mechanical or contraction-induced injury in muscular dystrophy is unclear (39, 50, 51 ). Mechanical and exercise analyses of skeletal muscle lacking dystrophin have suggested that a mechanical deficiency results from dystrophin loss (43) (44) (45) (52) (53) (54) . We have reported previously that mdx EDL and diaphragm muscles are more susceptible to mechanical injury than normal controls (45) . These results support the idea that dystrophin protects the sarcolemma from the stress generated during muscle contraction and represent a functional correlate of the intact dystrophin-dystroglycan-laminin complex.
Mice lacking ␥-sarcoglycan were reported previously (46) as were mice deficient for ␣-sarcoglycan (55). Mice lacking ␥-sarcoglycan have a severe, progressive skeletal muscle degeneration and reduced survival (46) . Immunohistochemical studies of gsg Ϫ͞Ϫ muscle suggested that the dystrophindystroglycan-laminin axis was intact and that muscular dystrophy occurs independent of dystrophin. The absence of a mechanical deficit in muscle lacking ␥-sarcoglycan suggests that the dystrophin-dystroglycan-laminin link is not only present, but that it appears to be functional in the absence of ␥-sarcoglycan.
Eccentric contraction studies of isolated EDL muscles from mice lacking ␥-sarcoglycan showed normal isometric and FIG. 3. The effect of exercise on weight gain (a) and serum creatine kinase levels (b) in ␥-sarcoglycan-deficient muscular dystrophy. (a) gsg Ϫ͞Ϫ animals were weighed at the end of each week of exercise. The percent increase in weight compared with the starting weight for each genotype was calculated. The mean Ϯ SEM is shown. gsg Ϫ͞Ϫ animals gained significantly more weight than normal controls ‫,ء(‬ P Ͻ 0.05 for weeks 4-7) over the course of the protocol. (b) Serum creatine kinase levels were measured 2 days after completion of the 7-week swimming protocol. The mean Ϯ SEM is shown. Animals lacking ␥-sarcoglycan failed to show an increase in creatine kinase that was consistent with a change in the overall amount of degeneration occurring in skeletal muscle.
FIG. 4.
The effect of exercise on histopathology in normal and gsg Ϫ͞Ϫ animals. (a) Representative sections of normal and gsg Ϫ͞Ϫ quadriceps taken from age-matched animals that did (exercised, Right) and did not (non-exercised, Left) undergo the swimming protocol. Normal muscle showed no evidence of exercise-induced degeneration. gsg Ϫ͞Ϫ muscles also showed no increase in histopathology as a result of exercise. (b) Quantitation of histopathology in age-matched exercised and nonexercised gsg Ϫ͞Ϫ muscles. Histologic sections from femoral quadriceps (quad.), gastrocnemius (gastroc.), and triceps bracheii (triceps) were scored (blinded) for the presence of adipose tissue, degeneration, and fibrosis on a scale of 0-3. The mean Ϯ SEM is shown. There was no significant difference in histopathology between exercised and nonexercised gsg Ϫ͞Ϫ animals (P values of 0.80, 0.24, and 0.23, respectively). EDL failed to show the increase in contraction-induced injury we have shown previously to be a feature of the mdx EDL (45). Thus, at the level of an isolated muscle, the absence of ␥-sarcoglycan did not result in a molecular defect that was sufficient to confer increased mechanical weakness on muscle. Like eccentric contraction, exercise also failed to increase the proportion of damaged myocytes in gsg Ϫ͞Ϫ mice and confirmed the physiologic relevance of our findings in the isolated EDL. Interestingly, mice lacking ␣-sarcoglycan appear to have a functional defect in force production in the EDL muscle. The apparent mechanical difference between mice lacking ␥-sarcoglycan and those lacking ␣-sarcoglycan may be explained, in part, by the observation that ␣-sarcoglycan is not completely absent in muscle lacking ␥-sarcoglycan. The partial retention of ␣-sarcoglycan, 10-30% of normal levels, has been observed in mice lacking ␥-sarcoglycan and humans who carry mutations in the ␥-sarcoglycan gene (46, 56) . It is possible that residual ␣-sarcoglycan protects against the development of a mechanical deficit. However, the phenotype in mice lacking ␥-sarcoglycan is severe, suggesting that a nonmechanical mechanism is sufficient for the development of muscular dystrophy.
Mice lacking ␥-sarcoglycan that had been exercised strenuously showed no significant increase in histopathology or serum creatine kinase levels. Such an increase would have been expected if an increased rate of cellular degeneration was caused by mechanical strain. In fact, gsg Ϫ͞Ϫ mice gained a significantly larger amount of weight compared with controls and increased their basal activity level. Whether exercise improves survival remains unknown. However, these findings demonstrate that contraction-induced injury is not required for progressive muscle degeneration.
It has been thought previously that creatine kinase release occurs as a consequence of mechanical injury and tearing of muscle. Baseline serum creatine kinase levels are increased in mice lacking ␥-sarcoglycan (46) , but the data presented here suggest that creatine kinase release occurs by a mechanism other than mechanical injury. The phenomenon of creatine kinase increase with exercise is, in fact, noted in normal muscle, where normal mice show an approximate 5-fold increase in creatine kinase release with exercise (Fig. 3b) . It is possible that creatine kinase release from normal muscle after exercise occurs by a mechanism other than membrane tearing. Serum creatine kinase elevation is present early in life in both mice and humans with LGMD and increases as muscle mass increases. Thus, serum creatine kinase levels are influenced by total muscle mass, microcirculation, and myofiber death. Mice lacking ␥-sarcoglycan were shown previously to take up extensive amounts of the vital stain Evans Blue Dye (EBD) in the absence of exercise (46) . Electron micrographs of gsg Ϫ͞Ϫ muscle do not show any visible membrane defects (46) . Thus, the phenomenon of creatine kinase release and EBD uptake across the muscle membrane may occur by an alternative means. Procion orange uptake, on the other hand, appears to require a mechanical deficit to gain entry into the myofiber because it occurs in mdx muscle only after contraction.
Dystrophin and sarcoglycan deficiency appear to result in different mechanical consequences and may represent alternative mechanisms leading to muscle degeneration (46, 57) . However, dystrophin mutations also produce a secondary reduction of the sarcoglycan subunits; therefore, sarcoglycan deficiency is a feature seen in both DMD and in the mdx mouse. Thus, a nonmechanical mechanism may contribute to the phenotype in dystrophin deficiency. In DMD and the mdx mouse, there is clearly a mechanical defect, but our data indicate that muscular dystrophy occurs in its absence and that this mechanical defect may not be necessary for muscle degeneration. In mdx mice, overexpression of the dystrophin carboxyl terminus, DP71, appears to restore dystroglycan and ␣-sarcoglycan (adhalin or 50DAG), yet these mice still develop muscular dystrophy. These data support that mechanical defects may be sufficient to produce the dystrophic process. We hypothesize that both mechanical and nonmechanical defects are present in dystrophin deficiency and that the nonmechanical defect is sufficient to produce the dystrophic process in ␥-sarcoglycan deficiency.
Alternative hypotheses to the mechanical defect as a cause of muscle degeneration in dystrophin-deficient muscle have been proposed and include defects in signaling and͞or intracellular ion homeostasis (40, 46) . Specifically, changes in calcium leak channel activity (58, 59 ) and in stretch-inactivated calcium channels (60) have been characterized. Recently, an ecto-ATPase activity was ascribed to ␣-sarcoglycan and implied that this ATPase activity may directly affect the entry of extracellular calcium into the muscle (61), consistent with a direct signaling role for sarcoglycan.
Because there are both mechanical and signaling roles emerging for the dystrophin-glycoprotein complex, this may constitute a coupled system not only to transmit mechanical forces from the contractile apparatus to the extracellular matrix, but also to provide intracellular signals that report the mechanical activity. Such a coupling is needed in skeletal muscle to explain the fact that maintained muscle mass and muscle hypertrophy relies on periodic stress being placed on the muscle. Clearly, activity per se, in the absence of load on a muscle, is not sufficient to either preserve normal mass or signal hypertrophy. Dystrophin and its associated complex of proteins, either through direct interaction with integrin complexes or through indirect coupling via the cortical cytoskeleton, is well placed to provide mechanical modulation of signaling. Hypothetically, this signaling could trigger processes involved in cytoskeletal remodeling and growth. Intriguingly, the muscles of the mdx mouse are not as severely affected as the muscles of the gsg Ϫ͞Ϫ mouse. Thus, an aberrant dystrophin͞sarcoglycan complex may provide a normal mechanical linkage to the extracellular matrix, but also may lead to aberrant signaling that is more damaging to mouse muscle than complete loss of the dystrophin-glycoprotein complex and both its mechanical and signaling functions.
We have shown that the absence of sarcoglycan is sufficient to cause muscle degeneration and is likely to play a causative role in both DMD and LGMD. Although the absence of dystrophin may result in a mechanical deficit in mdx and DMD muscle, it may not be the only deficit contributing to the dystrophic process. These results underscore the functional importance of sarcoglycan in muscle survival and help to clarify the functional organization of the DGC. Furthermore, these findings raise the possibility that the loss of sarcoglycan may contribute to muscle degeneration in both dystrophin-and sarcoglycan-associated muscular dystrophies. Gene therapy for the muscular dystrophies likely will need to restore sarcoglycan expression to fully correct the dystrophic process. This is of critical importance to therapeutic efforts designed at treating a diverse group of muscular dystrophies as well as to human gene therapy trials for LGMD and DMD.
